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Abstract: In a multimodal volume coil, only one mode can generate homogeneous 
Radiofrequency (RF) field for Magnetic Resonance Imaging. The existence of other modes 
may increase the volume coil design difficulties and potentially decreases coil performance. 
In this study, we introduce common-mode resonator technique to high and ultrahigh field 
volume coil designs to reduce the resonant mode while maintain the homogeneity of the 
RF field. To investigate the design method, the common-mode resonator was realized by 
using a microstrip line which was split along the central to become a pair of parallel 
transmission lines within which common-mode currents exist. Eight common-mode 
resonators were placed equidistantly along the circumference of a low loss dielectric 
cylinder to form a volume coil. Theoretical analysis and comparison between the 16-strut 
common-mode volume coil and a conventional 16-strut volume coil in terms of RF field 
homogeneity and efficiency was performed using Finite-Difference Time-Domain (FDTD) 
method at 298.2 MHz. MR imaging experiments were performed by using a prototype of 
the common-mode volume coil on a whole body 7 Tesla scanner. FDTD simulation results 
showed the reduced number of resonant modes of the common-mode volume coil over the 
conventional volume coil, while the RF field homogeneity of the two type volume coils 
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was kept at the same level. MR imaging of a water phantom and a kiwi fruit showing the 
feasibility of the proposed method for simplifying the volume coil design is also presented. 
Keywords: Finite-Difference Time-Domain; common-mode; microstrip; Magnetic 
Resonance Imaging; high field 
 
1. Introduction 
In Magnetic Resonance Imaging (MRI), volume coil is a well-established RF coil type which is capable 
of creating a nearly homogeneous Radiofrequency (RF) field and clinically-acceptable signal-to-noise ratio 
(SNR) [1]. Although RF coil arrays [2-13] have become more and more popular in MRI applications 
and essential to parallel transmission [14-18] and parallel imaging [19-26] to shorten the imaging time, 
RF volume coils still play an important role in MR signal excitation and reception for applications 
using regular MR methodology [27-40] and also parallel imaging [41,42]. Normally, a multimodal 
volume coil with N rungs or struts resonates at N/2 intrinsic modes [1,43-45] or N/2 + 1 modes [46,47]. 
Among these resonant modes, there is only one mode which generates a transverse homogeneous RF 
field for MR imaging in a horizontal static magnetic field. The existence of the other modes may 
overlap with the homogeneous resonant mode, which makes it difficult to differentiate them and to 
design the coil [48]. Another practical issue is the coupling among the elements. In order to yield 
homogeneous RF field distribution, sufficient coupling among the resonant elements (rungs or struts) 
of a multimodal volume coil is necessary. Although the coupling could be improved by reducing the 
distances between the elements and increasing the number of the coil elements, in some circumstances 
these methods are not easy to implement. In addition, increasing the number of coil elements in a 
volume coil could result in a decrease of coil performance, due to the losses in the capacitors and 
conductors. The number of resonant elements in a volume coil has to be chosen to reach a good 
compromise between field homogeneity degree and quality factor for the resonators.  
In this work, we present a novel volume coil design method using common-mode resonator 
technique to reduce the resonant modes without sacrificing the RF field homogeneity. The  
common-mode element was realized using a split microstrip resonator that has a pair of parallel 
transmission lines to support common-mode currents [49]. A 7 Tesla volume coil was built based on 
this common-mode resonator structure to investigate the feasibility of the proposed volume coil design 
for mode reduction. Theoretical analysis and comparison between the proposed design and a 
traditional 16-strut volume coil using Finite-Difference Time-Domain (FDTD) method [50-52] was 
presented. MR imaging of a water phantom and a kiwi fruit was performed using the prototype volume 
coil on a 7T scanner to validate the common-mode volume coil design method. 
2. Materials and Methods 
The model of the volume coil with 8 common-mode elements (which has 16 struts) is shown in  
Figure 1a, and the structure of each element is shown in Figure 1b. Each element was modeled as a 
3.5” long and 1.25” wide split microstrip resonator [53-56]. Each strip conductor was split along the 
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central line to form a pair of parallel transmission lines, so that common-mode currents with identical 
amplitude and phase can be generated within the two legs. The substrate of the microstrip resonator 
was modeled as a commonly used acrylic board with permittivity of 2.62, while the strip conductor 
and ground plane were modeled as a thin copper foil. The microstrip resonator were terminated using 
capacitors (i.e., C1 and C2 in Figure 1) at both ends. This split microstrip resonator can also be treated 
as a second harmonic microstrip resonator which supports full sine wave [57]. The resonant frequency 
of the common-mode element can be estimated by using the following analytic equation: 
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where C1 and C2 are the capacitance of the termination capacitors on the microstrip resonator shown in 
Figure 1. l and εeff are the length and effective permittivity of the microstrip resonator. Z0 is the 
characteristic impedance of the microstrip resonator. In practice, the frequency tuning can be 
performed by adjusting C1 and C2. Then, the resonant frequency fvc of the common-mode volume coil 
can be calculated by: 
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where k1, i+1 is the mutual inductance between the 1st element and the (I + 1)th elements; fre denotes the 
resonant frequency of the element; N is the number of element of the volume coil. The capacitances of 
C1 and C2 were 14 pF and 15 pF, respectively, when the volume coil was tuned to 298.2 MHz, while 
the frequency of each element fre was 327.1 MHz. 
Figure 1. (a) Diagram of the 16-strut common-mode microstrip volume coil;  
(b) Diagram of the common-mode microstrip surface coil, where the solid line denotes the 
common-mode current in the microstrip coil. 
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For evaluation and comparison of the RF field homogeneity and efficiency, two 16-strut  
common-mode volume coil models and one typical 16-strut volume coil model were built. The bore 
sizes of them were the same: 4” OD, 3.75” ID and 4” in length. In the typical 16-strut volume coil the 
elements were 1/4” in width and uniformly placed on the inner side of the cylinder as shown in  
Figure 2a. For the two 16-strut common-mode volume coil models the distance between the two 
neighboring elements were 1/2” and 1/16”, respectively, as shown in Figure 2b and c. In the case of 
the model with 1/2” distance, the split gap between two legs of one element equaled the distance 
between the neighboring elements, therefore the 16 legs were uniformly distributed. For the other 
model with 1/16” distance, the split gap was wider and the neighboring elements were closer to each 
other. A cylinder phantom with permittivity of 58 and conductivity of 0.8 S/m at 298.2 MHz, which 
were close to those parameters of average mouse muscle, was modeled within the three coil models. 
The diameter of the phantom was 2.4” which was about 63% of the coil ID. A series voltage source 
with 50 Ohm impedance was modeled as the feed-port for each model. The Yee cell size for FDTD 
mesh was 1 mm in transverse plane and 3 mm in longitudinal direction, which was small enough for 
satisfying the simulation accuracy and required reasonable computational time. The computational grid 
size was 138 × 137 × 68. The boundary condition was set as Perfectly Matching Layers (PML) for all 
boundaries. The stop criteria were that the calculation converged to −35 dB or reached the maximum 
iteration number of 106. All calculations were performed on the platform of XFDTD 6.4 (Remcom, 
Inc., State College).  
To evaluate the coil efficiency and RF field homogeneity, the mean and standard deviation  
were utilized: 
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where B1,x denotes the RF field strength of the pixel x within the phantom area. In the simulation, the 
input net power for each coil model was scaled to 1 Watt, therefore the average RF strength 
demonstrates the coil efficiency—how much field strength a coil can generate per unit power. The 
stronger the average RF field is, the more efficient the coil is. The standard deviation demonstrates the 
RF field homogeneity—the total variation of the RF field strength within the interested area. The 
smaller the StdB1 is, the more homogeneous the RF field is. 
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Figure 2. (a), (b), (c) structures of adjacent elements of the typical 16-strut volume coil 
and two 16-strut common-mode (CM) volume coils with neighboring distance of 1/2 inch 
and 1/16 inch; (d), (e), (f) the Finite-Difference Time-Domain (FDTD) simulation results 
of three corresponding models at the central transverse plane; (g) 1D profiles of the three 
magnetic field distribution of the central line. The blue circles in the 2D images denote the 
area of the 2.4” diameter phantom with permittivity of 58 and conductivity of 0.8 S/m 
which are close to those of average mouse muscle. The constructive interference of  
B1+ pattern on the image is clearly observed. The RF field homogeneity of the CM volume 
coil is similar to or better than that of a conventional volume coil while the leg number of 
the CM coil is reduce by half, leading to reduced number of resonant modes. The reduced 
number of resonant modes helps to simplify the coil design and potentially gain  
coil efficiency. 
 
 
Finally, bench test and MR tests of the common-mode volume coil with neighboring element 
distance of 1/16” was performed. By adjusting the capacitance the coil was tuned at 298.2 MHz for 1H 
imaging at 7T. The coil was fed at two quadrature ports separated by 90°. Bench tests on the resonant 
modes and isolation between the two quadrature ports were measured on the same network analyzer 
Agilent E5070B. The termination capacitance measurement was conducted on a RCL meter (Fluke 
PM6303A). In the MR test, a cylindrical water phantom and a kiwi fruit were imaged using the GE 7T 
whole body MR scanner. A set of fast spin echo images in both the sagittal and axial planes were 
acquired with TR = 2 s, FA = 45°, 10 mm in plane and 3 mm thick slice, Number of excitation = 1. 
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3. Results 
The Gauss wave was used to determine proper capacitances for three volume coil models working 
at 298.2 MHz and then the Sinusoidal wave was applied to simulate their RF field distributions. The 
structures and the FDTD simulation results of the typical 16-strut volume coil and the two  
16-strut common-mode volume coil models with different neighboring element distance are shown in 
Figure 2. Due to the use of the average mouse muscle model with cylinder geometry at ultrahigh field 
of 7T, the constructive interference of B1+ pattern is clearly observed from the results. The input net 
power for each coil model was scaled to 1 Watt. From the 2D figures and 1D profiles it is shown that 
the RF field homogeneity and strength of the three models are almost the same. By using the statistical 
analysis described in Equation (3) and (4), the average strength and standard deviation of the RF fields 
within the phantom area of the three different coil models can be evaluated: For the typical 16-element 
volume coil, 1/2” neighboring element distance and 1/16” distance common-mode volume coils, the 
average field strengths are 0.36, 0.36 and 0. 34 Gauss, respectively, and the standard deviations are 
0.051, 0.051 and 0.049 Gauss, respectively. The normalized standard deviations per Gauss (i.e., standard 
deviation/average field strength) are all about 0.144 Gauss. The 1/2” distance common-mode coil had the 
same performance as the typical volume coil in both coil efficiency and RF field homogeneity. The 1/16” 
distance common-mode coil’s efficiency was slightly worse than the 1/2” coil because of the longer 
length along XY, however the former’s RF field homogeneity was a little better than the latter’s. The 
advantage of the common-mode volume coil is with the same leg number as a typical volume coil, the 
resonant mode number can be reduced by half almost without deteriorating the RF field homogeneity or 
decreasing the coil efficiency. Moreover, the closer distance between adjacent elements is potential to 
increase their mutual coupling which is helpful for volume coils. Furthermore, the comparison results of 
the two common-mode volume coil with different split gap also demonstrated the robustness of the 
proposed method: The RF homogeneity and efficiency were almost not varying with the split gap of the 
element, which makes the common-mode volume coil design easier and more tolerant of mechanical errors.  
The prototype of the 16-strut common-mode microstrip volume coil with 1/16” neighboring 
distance was built and tuned to 298.2 MHz for bench test and MR test. Well-defined five resonance 
peaks for proton were clearly identified on the network analyzer, indicating that all the elements were 
sufficiently coupled as shown in Figure 3. Compared with a conventional 16-strut volume coil which 
normally has 9 resonant modes (or 8 modes for regular birdcage coil), the resonant mode has been 
significantly reduced. The transmission coefficient S21 between two quadrature driving ports was better 
than −20 dB, showing that the driving ports have been decoupled sufficiently. 
Two fast spin echo images in both sagittal and axial planes from a water phantom with the common-
mode microstrip volume coil are shown in Figure 4. Although at ultrahigh field of 298.2 MHz the 
dielectric resonance effect was clearly observed, the images acquired with the common-mode volume 
coil were still comparatively homogeneous. By using Equations (3) and (4), the average strength and 
homogeneity of the RF field on the axial image were 174.6 and 30.4, respectively. The standard 
deviation was about 17.4% of the average value. Figure 5 shows kiwi fruit images in both sagittal and 
axial planes acquired from the common-mode volume coil, demonstrating the feasibility of the common-
mode method for designing volume coils with a lower number of elements but uniform at high fields. 
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Figure 3. Bench measurement result of reflection coefficient S11 plot of the 16-strut 
common-mode volume coil. 5 well defined resonant modes can be clearly observed from 
the picture showing reduction in resonant modes, while a conventional 16-strut volume coil 
normally has 9 resonant modes (or 8 modes for regular birdcage coil). 
 
 
Figure 4. Fast spin echo proton images of a cylindrical water phantom in (a) sagittal plane and 
(b) axial plane using the 16-strut common-mode volume coil at 7T; (c) and (d) are 1D profiles 
on the central lines of the sagittal image and axial image, respectively. Despite the dielectric 
resonance effect at the ultrahigh field of 7T, comparatively homogeneous images were 
obtained using the common-mode volume coil with only 8 elements. 
 
5 resonant modes of the 16-strut 
common-mode volume coil 
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Figure 5. Proton fast spin echo images of a kiwifruit on both (a) sagittal plane and (b) 
axial plane acquired using the 16-strut common-mode volume coil at 7T. This imaging 
result demonstrates the feasibility of the common-mode method for designing volume coils 
with a lower number of elements but uniform at high fields. 
 
4. Discussion and Conclusions 
It has been demonstrated that the common-mode volume coil proposed in this work is able to reduce 
the resonant modes, simplifying the complicated volume coil design without deteriorating the RF field 
homogeneity and coil efficiency. Although a common-mode resonator has two struts, such a resonator in 
a volume coil is considered a resonant element. Therefore, with the same number of struts, the  
common-mode volume coil has only half the number of resonant elements of a typical volume coil  
and thus a significantly reduced number of resonant modes. This design method provides an  
easy-to-implement and efficient approach to volume coil design for generating homogeneous MR 
images, particularly at high and ultrahigh fields. Furthermore, the common-mode volume coil design is 
an error-tolerant design: Changing the split gap of the elements generally does not affect the RF coil 
performance. This makes the common-mode volume coil design easier and more tolerant to mechanical 
errors. Although microstrip transmission line approach is used in this work to investigate the feasibility 
of the proposed resonant mode reduction method using common-mode design, practically other coil 
design techniques, e.g., lumped element methods, can be also utilized to realize this resonant mode 
reduction technique.  
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